Maternal diabetes is associated with congenital heart defects (CHDs) as a group, but few studies have assessed risk for specific CHD phenotypes. We analyzed these relationships using data from the Texas Birth Defects Registry and statewide vital records for deliveries taking place in 1999-2009 (n = 48,249 cases). We used Poisson regression to calculate prevalence ratios for the associations between maternal diabetes (pregestational or gestational) and each CHD phenotype, adjusting for potential confounders. Analyses were repeated by type of diabetes. To address the potential for misclassification bias, we performed logistic regression, using malformed controls. We also conducted meta-analyses, combining our estimates of the association between pregestational diabetes and each CHD phenotype with previous estimates. The prevalence of every CHD phenotype was greater among women with pregestational diabetes than among nondiabetic women. Most of these differences were statistically significant (adjusted prevalence ratios = 2.47-13.20). Associations were slightly attenuated for many CHD phenotypes among women with gestational diabetes. The observed associations did not appear to be the result of misclassification bias. In our meta-analysis, pregestational diabetes was significantly associated with each CHD phenotype. These findings contribute to a better understanding of the teratogenic effects of maternal diabetes and improved counseling for risk of specific CHD phenotypes. congenital heart defects; gestational diabetes; maternal diabetes; meta-analysis; misclassification bias; pregestational diabetes Abbreviations: AVCD, atrioventricular canal defect; CHD, congenital heart defect; CI, confidence interval; RR, relative risk.
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Congenital heart defects (CHDs) are the most common type of birth defect and affect about 40,000 births per year in the United States (1) . The etiology of CHDs remains largely unknown, but maternal diabetes has been consistently reported to increase the risk of CHDs (2-7). CHDs, however, are considered to be an etiologically heterogeneous group (8, 9) , so maternal diabetes may have different effects on different aspects of the development of the heart.
The mechanisms underlying the association between maternal diabetes and CHD malformations may also differ between women with pregestational diabetes and women with gestational diabetes. The critical period of heart development is the third-seventh weeks of gestation (10) . Women with pregestational diabetes would have a diabetic intrauterine environment during the critical period of heart development. Gestational diabetes, however, does not develop until the 24th-28th weeks of gestation (11) , after the critical period of heart development.
Few studies have assessed risk for specific CHD phenotypes (e.g., truncus arteriosus) by maternal diabetes. Simeone et al. (12) recently conducted a meta-analysis on the association between maternal pregestational diabetes and any CHD (as a group) (meta-odds ratio = 3.8, 95% confidence interval (CI): 3.0, 4.9), but there were insufficient data to draw definitive conclusions for the majority of CHD phenotypes. Results have also been inconclusive for the relationship between gestational diabetes and any CHD or CHD phenotypes (13) (14) (15) .
To strengthen the growing body of literature on the teratogenic effects of diabetes, we used data from the Texas Birth Defects Registry from 1999-2009 to study the association between maternal diabetes (any diabetes, pregestational diabetes, and gestational diabetes) and specific CHD phenotypes. In addition, we used meta-analysis to combine our results with those from previous studies examining the association between pregestational diabetes and the presence of specific CHD phenotypes in offspring.
METHODS

Study population
The Texas Birth Defects Registry is a population-based registry maintained by the Birth Defects Epidemiology and Surveillance Branch of the Texas Department of State Health Services. Methods of the Registry have been published previously (16) . Briefly, the Registry conducts statewide active case surveillance to identify live births, fetal deaths, and induced pregnancy terminations involving birth defects at all Texas birthing centers, hospitals, and midwife facilities. Cases are included in the registry when diagnosis of a structural malformation and/or chromosomal anomaly is made within a year of delivery and the case meets the Registry's case inclusion criteria. Registry staff abstract case data from medical records and assign a modified British Pediatric Association code to each birth defect diagnosis (17) . Case data from medical records are linked to vital records data from the Texas Vital Statistics Unit of the Texas Department of State Health Services (16) . Additionally, we analyzed vital records data on all live births in Texas.
Outcome CHD phenotypes were identified using the modified British Pediatric Association codes (see Web Table 1 , available at https://academic.oup.com/aje). These phenotypes included atrial septal defects, complete atrioventricular canal defects (AVCDs), tetralogy of Fallot, truncus arteriosus, aortic stenosis, coarctaction of the aorta, hypoplastic left heart syndrome, Ebstein malformation, pulmonary valve atresia, pulmonary valve stenosis, tricuspid atresia/stenosis valve, single ventricle, total anomalous pulmonary venous return, and ventricular septal defects. For comparison with previous literature, we also assessed common CHD categories-any CHD (regardless of phenotype), left ventricular outflow tract defects, and right ventricular outflow tract defects. For the presence of any CHD, we excluded births that had only a patent foramen ovale, patent ductus arteriosus, pulmonary artery branch stenosis, anomaly of umbilical artery, peripheral vascular system defect, or circulatory system anomaly. We excluded all syndromic cases or cases without a definitive diagnosis of CHD.
Demographic characteristics
Data for demographic factors were obtained from vital records. Texas birth certificate fields are completed by parents for maternal age, race/ethnicity, smoking, alcohol use, height, weight, education, and plurality (multiple-gestation pregnancies). Clinical staff complete fields for maternal diabetes, hypertension, previous live births, delivery year, and infant sex. 
Statistical analysis
We tabulated the number and frequency of several demographic factors among cases with any CHD and among all live births. The prevalence of each CHD phenotype and category was estimated among offspring of women with and without any diabetes. Analyses were repeated among offspring of women with pregestational and gestational diabetes and offspring of women without diabetes delivered during [2005] [2006] [2007] [2008] [2009] . All live births taking place in the specified time period were used for the denominator.
Poisson regression. We conducted Poisson regression analysis to obtain crude and adjusted prevalence ratios for the presence of each CHD phenotype and category. All multivariable analyses adjusted for the following variables, selected a priori, based on the literature: maternal age, race/ ethnicity, any hypertension (includes gestational) (yes/no), previous live births (yes/no), and smoking (yes/no). The pregestational and gestational diabetes analyses were further adjusted for body mass index Sensitivity analyses. Parents or staff may differentially recall or document exposures of an offspring with a birth defect compared with an unaffected offspring. Previous studies of diabetes and CHDs have not accounted for the possibility of misclassification bias. Therefore, we conducted separate comparisons using "malformed controls." This approach has been advocated for studying potential risk factors for birth defects that may be subject to misclassification bias (18) (19) (20) but has rarely been employed. We repeated all analyses, using logistic regression to address potential misclassification bias. Controls were subjects with a major noncardiac birth defect. Potential controls with any birth defects that have been reported to be significantly associated with maternal diabetes (21) (22) (23) (24) (25) (26) Diabetes is associated with many birth defects and may have teratogenic effects involving multiple organ systems in the same offspring. To further explore the association between maternal diabetes and "isolated, simple" CHDs only (8), we repeated the Poisson regression analyses for any diabetes, excluding cases with a CHD and 1 or more additional major cardiac or noncardiac malformations, as defined by the National Birth Defects Prevention Study (8, 21) . When there were fewer than 5 exposed cases in a CHD phenotype or category, prevalence ratios were not calculated due to insufficient statistical power. Because of the small numbers of offspring born with an isolated, simple CHD for the majority of the phenotypes and categories among these women, analyses were not conducted for pregestational and gestational diabetes.
All Poisson regression and sensitivity analyses were conducted using SAS, version 9.4 (SAS Institute, Inc., Cary, North Carolina).
Systematic review and meta-analysis. Because stronger associations have been observed with pregestational diabetes and congenital malformations than with gestational diabetes (27), we conducted a meta-analysis to combine our adjusted odds ratio for maternal pregestational diabetes and each CHD phenotype and category with the relative risks from previous studies, as identified by Simeone et al.'s recent systematic review (12) . Because Simeone et al.'s inclusion cutpoint was studies published through December 2012, we replicated their search in Medline and the Cumulative Index to Nursing and Allied Health Literature to identify new articles published from January 2013 through May 2015 for inclusion in our meta-analysis, following Simeone et al.'s exclusion criteria. All of the listed references from these newly included studies were reviewed for potential additional studies.
Relative risks and 95% confidence intervals for each CHD phenotype and category were abstracted in the following manner. We abstracted adjusted estimates from the most recent study. If adjusted estimates were not available, we abstracted the most recent crude estimates or the counts to calculate the appropriate measure of associations and 95% confidence intervals. When estimates for isolated and nonisolated CHD phenotypes were available, we abstracted the estimate for isolated phenotypes. In one study, Ferencz et al. (28) reported 99.5% confidence intervals, so we calculated standard errors to compute the 95% confidence intervals. If a study only reported separate relative risks for type 1 diabetes and type 2 diabetes, we used the type 2 diabetes estimate. (A separate sensitivity analysis was also performed using the type 1 diabetes estimate.) We performed a meta-analysis for each CHD phenotype and category that had at least 3 relative risks available.
Calculation of measures of association and the metaanalysis (using the "meta" command) were conducted in Stata 12.1 (StataCorp LP, College Station, Texas). Because this command requires values for standard errors, we calculated standard errors (SEs) from confidence limits (CLs) using the following equation:
ln upper 95% CL ln lower 95% CL 3.92 .
We assessed heterogeneity across the studies by means of Cochran's Q test, applying the DerSimonian and Laird approach (29) . If the Q test yielded a P value less than 0.10, the relative risks from the random-effects model were reported. If the Q test yielded a P value greater than or equal to 0.10, we reported the relative risks from the fixed-effects model. To assess the influence of potential confounding among studies that did not account for confounders, we conducted a sensitivity analysis, repeating our meta-analyses for each CHD phenotype and category that had at least 3 adjusted relative risks.
RESULTS
The distributions of most maternal and infant characteristics were similar between births with any CHD and all live births ( Table 1 ). The frequencies of maternal obesity and multiple-gestation pregnancies were higher among those with any CHD. The prevalence of each CHD phenotype and category was estimated among offspring of women with and without each type of diabetes (any diabetes, pregestational, and gestational) ( Table 2) .
We calculated prevalence ratios for each CHD phenotype and category for women with diabetes compared with women without diabetes for each type of diabetes (Table 3) . Compared with women who did not have diabetes, women with any diabetes had a statistically significant or borderline-significant higher prevalence of CHDs in offspring in every CHD phenotype and category. Similar associations were observed after adjusting for maternal age, race/ethnicity, any hypertension, previous live births, and smoking (range of adjusted prevalence ratios for CHD phenotypes = 1.48-5.28).
Compared with nondiabetic women, women with pregestational diabetes had a significantly greater prevalence of every CHD phenotype and category in offspring. Results remained significant across all CHD phenotypes and categories in the adjusted analysis. These crude and adjusted associations with pregestational diabetes had larger magnitudes (range of adjusted prevalence ratios for CHD phenotypes = 2.47-13.20) than the associations with any diabetes.
The associations observed for gestational diabetes were attenuated compared with those observed for pregestational diabetes. Compared with nondiabetic women, women with gestational diabetes had a significantly greater prevalence of every CHD phenotype and category, other than hypoplastic left heart syndrome, Ebstein malformation, and single ventricle. Results from our adjusted analyses were similar to the crude results (range of adjusted prevalence ratios for CHD phenotypes = 1.15-2.78), except that the associations with tetralogy of Fallot and pulmonary valve stenosis were no longer significant. Among all of these main adjusted analyses, the magnitude of association was positive in 50 out of 51 comparisons.
Sensitivity analyses
To address the potential for misclassification bias, we repeated the main analyses using logistic regression to conduct comparisons using "malformed controls." In these analyses, the crude and adjusted associations with each type of maternal diabetes remained similar, though slightly attenuated, compared with the results from the main analyses for most CHD phenotypes and categories (Table 4 ). The adjusted association between pregestational diabetes and Ebstein malformation became significant, and the adjusted association between pregestational diabetes and tetralogy of Fallot was no longer significant.
Because the distribution of multiple gestations varied between cases with any CHD and all live births, we repeated our main analyses while further adjusting for plurality. Results were similar (data not shown).
We conducted sensitivity analyses to further adjust for additional confounders for which data were not available during the entire study period (alcohol use, available from 1999-2004, and body mass index, available from 2005-2009).
After further adjusting for these variables within each time period, similar associations with any diabetes were observed for all CHD phenotypes and categories; however, a few of the associations in these subset analyses were no longer significant (Web Table 2 ).
When restricting the analysis to cases with isolated, simple CHDs, prevalence ratios were similar, though slightly attenuated, for all CHD phenotypes and categories except tetralogy of Fallot, and a few of the associations from this subset analysis were no longer significant (Web Table 3 ). Prevalence ratios were not calculated for 7 CHD phenotypes because there were fewer than 5 exposed cases.
Systematic review and meta-analysis
We conducted a literature search to identify additional studies of diabetes and CHDs that were published after Simeone et al.'s recent systematic review (12) . Two additional articles were identified from this search and included in the meta-analysis (30, 31) . One article (30) replaced an earlier study with an overlapping study population (32) . We identified 2 additional studies for inclusion (22, 33) after reviewing the citations of articles included in our meta-analysis. We abstracted relative risks as described in the Methods section.
The meta-analysis of any CHD combined relative risks from 12 different study populations. Pregestational diabetes was associated with any CHD in the offspring (relative risk (RR) = 3.59, 95% CI: 3.03, 4.25). Of the remaining 16 CHD phenotypes and categories in our analyses of Texas data, there were fewer than 3 total relative risks from different studies for Ebstein malformation, tricuspid atresia/stenosis valve, and single ventricle, so these phenotypes were not included in our meta-analysis. For each CHD phenotype or category, the meta-analysis combined relative risks from 3-7 different study populations. Significant positive associations were observed between maternal pregestational diabetes and each CHD phenotype and category analyzed ( Table 5 , Web Figure 1 ). The largest association was observed for truncus arteriosus (combined RR = 14.49, 95% CI: 8.29, 25.34). The remaining combined relative risks ranged from 2.75 to 5.78.
Because Liu et al. (30) delineated between type 1 and type 2 diabetes in their study, we conducted a sensitivity analysis, repeating the meta-analysis using the relative risks from this paper for type 1 diabetes, and our results were similar (data not shown). We conducted another sensitivity analysis, repeating the meta-analysis restricted to studies that adjusted for at least 1 covariable; the resulting associations were all positive, significant, and similar to the main results (data not shown).
DISCUSSION
In Texas, maternal diabetes, regardless of type (pregestational or gestational), was associated with most CHD phenotypes and categories in nearly all of our analyses. Our results did not change when we adjusted for maternal body mass index, alcohol use, and other potential confounders. Additionally, most of these associations remained in our sensitivity analyses after 1) accounting for potential misclassification bias, 2) including additional potential confounders, and 3) restricting analyses to isolated, simple CHDs.
The presence of most CHD phenotypes and categories was associated with both maternal pregestational diabetes Abbreviations: AVCD, atrioventricular canal defect; CHD, congenital heart defect; CI, confidence interval; HLHS, hypoplastic left heart syndrome; LVOT, left ventricular outflow tract; PR, prevalence ratio; RVOT, right ventricular outflow tract; TAPVR, total anomalous pulmonary venous return; TVA, tricuspid atresia and stenosis valve.
a Data on pregestational and gestational diabetes were available only for live births taking place in 2005 or later and fetal deaths occurring in 2006 or later. b Adjusted for maternal age, race/ethnicity, any hypertension, previous live births, and smoking. c Adjusted for maternal age, race/ethnicity, any hypertension, previous live births, smoking, and body mass index. and gestational diabetes, with a stronger magnitude of association with pregestational diabetes. Previous studies have also found stronger associations between any CHDs and pregestational diabetes (range of RRs = 1.5-8.4) than between any CHD and gestational diabetes (range of RRs = 0.7-1.5) (13) (14) (15) 34) . Additionally, positive associations have been reported with CHD phenotypes (though not all were significant), with a similar pattern of stronger associations being observed with pregestational diabetes (22) . Because the onset of gestational diabetes occurs after cardiac development (35), 2 mechanisms have been proposed to explain observed associations with gestational diabetes. First, some women with pregestational diabetes, particularly those without a diagnosis before late pregnancy, may be misclassified as having gestational diabetes (13, 36, 37) . Second, there could be factors related to a prediabetic state that influences CHD risk during early pregnancy, before gestational diabetes is clinically recognizable (38) (39) (40) . In our metaanalysis, all 14 CHD phenotypes and categories assessed were significantly associated with pregestational diabetes. Notably, we report an especially strong magnitude of association with truncus arteriosus (RR = 14.49). Our meta-analyses substantially expand upon a previous meta-analysis conducted by Simeone et al. (12) , by evaluating 9 additional CHD phenotypes and categories and including data from 5 additional studies.
Our analyses offer compelling and robust evidence of a consistent association between maternal diabetes and CHD phenotypes. Although CHD phenotypes are thought to be etiologically heterogeneous (8) , similar associations were observed for most CHD phenotypes, including those from our sensitivity analysis of isolated, simple CHDs. Similarly, previous studies have suggested that maternal diabetes is associated with a range of other birth defects (e.g., neural tube defects) (22) (23) (24) (25) (26) .
The American College of Obstetricians and Gynecologists recommends screening for undiagnosed type 2 diabetes among women with risk factors (e.g., previous gestational diabetes, obesity) in early pregnancy (41) and for gestational diabetes during the 24th-28th weeks of gestation (42) , so that women who are diagnosed can attempt to regulate their glycemic levels through individually tailored diet, exercise, and a pharmacological regimen (41, 42) . However, because many women have their first prenatal visit after the critical period of heart development (third-seventh weeks of gestation) (35) , research is needed to assess the impact of pregestational screening for diabetes among reproductive-age women. For example, universal preconception care for pregestational diabetes could prevent about 4,731 birth defects and $475 million in corresponding medical costs for these infants annually, in addition to the benefit of early detection for the mother (43) . Because we observed modest-to-moderate associations with gestational diabetes, more research is also needed to better understand the mechanisms involved. Our results may also serve as a reference for improved counseling regarding risk of specific CHD phenotypes in offspring for diabetic women.
Limitations
Diabetes status tends to be underreported on birth certificates (44) (45) (46) (47) . However, because the results of our analyses using all live births were similar to those using malformed controls, there is little evidence that underreporting is differential with respect to birth defect status. Consequently, underreporting of diabetes status is likely to have biased our results toward the null; thus, our associations may be conservative. Additionally, since other information on birth certificates tends to be underreported (e.g., hypertension, smoking), residual confounding is possible (48, 49) . Similar to previous studies, some women with reported gestational diabetes in our study may have had undiagnosed pregestational diabetes, which probably would have inflated the gestational diabetes estimates (13) . Similar to the case in other large, populationbased studies, we did not have information available with which to evaluate glycemic levels or control. More research is needed to understand how glycemic levels are associated with CHDs.
In our meta-analysis, there was probably heterogeneity in the definition of CHD phenotypes across studies. For example, in our analysis of AVCDs, 2 studies restricted the analysis to complete AVCDs, whereas the other 3 studies did not restrict the analysis to complete AVCDs or did not specify any restriction (30, 33, 50, 51) . Etiologically, differences between complete and partial AVCDs have been reported (52) . Such case heterogeneity is a common limitation in meta-analyses; however, we found fairly similar associations across all groups we analyzed. The total number of studies Abbreviations: AVCD, atrioventricular canal defect; CHD, congenital heart defect; CI, confidence interval; HLHS, hypoplastic left heart syndrome; LVOT, left ventricular outflow tract; RR, relative risk; RVOT, right ventricular outflow tract; TAPVR, total anomalous pulmonary venous return.
a RR from a fixed-effects model unless otherwise specified. b RR from a random-effects model.
assessing specific CHD phenotypes remains small for some phenotypes, and further analyses are needed to better establish the associations for these CHD phenotypes.
Strengths
This analyses of Texas data used a large, multiethnic, population-based study. In fact, the Texas Birth Defects Registry is one of the largest active surveillance birth defects registries in the world. We report estimates of risk for individual CHD phenotypes, and we conducted several sensitivity analyses to assess potential misclassification bias, additional potential confounders, and associations with isolated, simple CHDs specifically. We used meta-analysis to combine our original findings with those from previous studies and generated relative risks for specific CHD phenotypes that could be used to improve risk counseling for patients. Our findings contribute to the literature and may lead to better prevention strategies for CHDs and ultimately a reduction in the prevalence of CHDs.
